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We present spin transport studies on bi- and trilayer 
graphene non-local spin-valves which have been fabri¬ 
cated by a bottom-up fabrication method. By this tech¬ 
nique, spin injection electrodes are first deposited onto 
Si“''+/Si 02 substrates with subsequent mechanical trans¬ 
fer of a graphene/hBN heterostructure. We showed previ¬ 
ously that this technique allows for nanosecond spin life¬ 
times at room temperature combined with carrier mobil¬ 
ities which exceed 20,000 cm^/(Vs). Despite strongly 
enhanced spin and charge transport properties, the MgO 
injection barriers in these devices exhibit conducting pin¬ 
holes which still limit the measured spin lifetimes. We 
demonstrate that these pinholes can be partially dimini- 


ished by an oxygen treatment of a trilayer graphene de¬ 
vice which is seen by a strong increase of the contact 
resistance area products of the Co/MgO electrodes. At 
the same time, the spin lifetime increases from 1 ns to 
2 ns. We believe that the pinholes partially result from 
the directional growth in molecular beam epitaxy. For a 
second set of devices, we therefore used atomic layer de¬ 
position of AI 2 O 3 which offers the possibility to isotrop¬ 
ically deposit more homogeneous barriers. While the 
contacts of the as-fabricated bilayer graphene devices are 
non-conductive, we can partially break the oxide barri¬ 
ers by voltage pulses. Thereafter, the devices also exhibit 
nanosecond spin lifetimes. 
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1 Introduction Graphene has drawn a lot of attention 
in the past years thanks to its excellent optical, mechani¬ 
cal and electrical properties. Thanks to the small spin orbit 
coupling and hyperfine coupling it is also a very promis¬ 
ing material in the field of spintronics. Spin lifetimes on 
the order of /is have been proposed m. However, first ex¬ 
periments using non-local graphene-based spin valves on 
Si/Si 02 revealed typical spin lifetimes below 1 ns and elec¬ 
tron mobilities below 10, 000cm^/(Vs) |l2][3]|4l|5]|6l|2llll|9] 
[T0lfTnfT2ll 1 3lfT4l . While the carrier mobilities could signif¬ 
icantly be enhanced in suspended graphene devices or in 


devices in which the graphene sheet is in contact to hexag¬ 
onal boron nitride (hBN), initial spin transport experiments 
on those devices still exhibited short spin lifetimes 015II16I . 

Later, it was demonstrated that the contacts are a bot¬ 
tleneck for the spin transport, e.g. it was shown that the 
measured spin lifetime scales with the contact area product 
(RcA) over a wide range IITtI . that an oxidation process of 
the graphene-electrode-interface can enhance the spin life¬ 
time after the actual fabrication process ifTSl and that an in¬ 
crease in the electrode spacing (hence an increase in the ra¬ 
tio between graphene and electrode part) also yields longer 
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spin lifetimes 019II2OI . It has also been shown that the in¬ 
jection barriers are often not homogeneous and exhibit pin¬ 
holes GT] , which are likely a source of spin scattering ini. 
But due to the inert surface of graphene it is difficult to 
grow continuous oxide layers without introducing artifi¬ 
cial nucleation sites or modifying the graphene layer ll 22 l 
1^ . In particular, this also holds for oxide barriers grown 
by atomic layer deposition (ALD). By this method, a pre¬ 
cursor gas gets chemisorbed on the surface to form a self- 
terminated monolayer which is usually not obtained for in¬ 
ert surfaces like pristine graphene 024II25I . 

One way to diminish pinholes within the oxide bar¬ 
rier is subsequent oxidation of the whole device. The oxy¬ 
gen intercalates along the graphene-to-metal-oxide inter¬ 
face region and post-oxidizes the metal. With these oxygen 
treatments, spin lifetimes could be increased by a factor of 
7, reaching 1 ns in the same device lITSl . The tradeoff by 
this approach is a significant reduction of the carrier mo¬ 
bility. 

To overcome these shortcomings, we recently intro¬ 
duced a bottom-up approach where the Co/MgO electrodes 
were not directly deposited onto the graphene layer but 
were rather fabricated onto Si~''+/Si 02 with the MgO as the 
surface layer. Subsequently, a graphene flake is picked-up 
by a hBN flake (van der Waals pick-up, similar technique 
to the one in Ref. 112^ 1. Thereafter, the graphene/hBN stack 
is mechanically transferred on top of the predefined elec¬ 
trodes, i.e. onto the MgO surfaces of the electrodes. Us¬ 
ing this method, carrier mobilities of 20,000 cm^/(Vs) 
and spin lifetimes up to 3.7 ns at room temperature could 
be achieved Ga. We note that even these devices seem 
to exhibit pinholes in the injection MgO barriers which 
can be probed indirectly by differential W/-curves. More¬ 
over, conductive scanning force microscopy measurements 
directly demonstrate the presence of conducting pinholes 
in these structures when growing Co/MgO electrodes by 
molecular beam epitaxy (MBE) Il28l . Despite the presence 
of pinholes, all devices exhibit nanosecond spin lifetimes. 
It is thus suggestive that even longer spin lifetimes could 
be achieved for homogeneous and pinhole-free injection 
barriers. 

In this work, we investigate the contact and spin trans¬ 
port properties of graphene non-local spin valves using the 
bottom-up fabrication method described in Ref. G3 for 
two sets of devices. In the first device, we use Co/MgO 
contacts grown by MBE and investigate the effect of ox¬ 
idation on the contact and spin transport properties. We 
find that the post-oxidation of the MgO barrier yield both a 
larger contact resistance area product and a doubling of the 
spin lifetime from 1 ns to 2 ns indicating that even in de¬ 
vices with nanosecond spin lifetime the injection/detection 
barriers are not ideal and still limit the measured spin life¬ 
times. In a second device we use an AI 2 O 3 barrier grown 
by ALD on top of MBE grown Co electrodes in order to 
achieve more homogeneous barriers. Here, ALD growth is 
expected to be more valuable for graphene spin transport 
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Figure 1 (Color online) (a) Schematic illustration of the 
device fabrication. The graphene flake is picked up from a 
plain Si/Si 02 wafer by a stack of hBN on polymer. There¬ 
after, is placed on predefined Co/MgO or C 0 /AI 2 O 3 elec¬ 
trodes. (b) Optical micrograph (top view image) of a com¬ 
plete device. 


devices as the ALD layer is not directly grown on graphene 
(which only can be achieved by introducing an additional 
adhesion layer ll25l ) but rather on the ferromagnetic Co 
layer. Using ALD grown AI 2 O 3 barriers we achieve similar 
nanosecond spin lifetimes and carrier mobilities in bilayer 
graphene as for devices with MgO barriers, despite the fact 
that pinholes were generated in the oxide barriers during 
the electrical contacting of the device. 

2 Device fabrication The device fabrication fol¬ 
lows the method as described in Ref. G3. It consists 
of two main steps. In a first step, we prepare Co/MgO or 
C 0 /AI 2 O 3 electrodes onto a Si+“''/Si 02 substrate, where 
the Si^"^ can be used as a back gate. The electrodes are de¬ 
fined by standard electron beam lithography and metalized 
by MBE. We use a 40 nm thick Co layer for all devices. Af¬ 
terward, we deposit 1 nm of MgO on top of Co in the same 
MBE chamber. Alternatively, we use AI 2 O 3 as an injec¬ 
tion and detection barrier. Eor these devices, we performed 
a lift-off process after Co deposition and transferred the 
sample to an ALD chamber where we grew a 0.88 nm 
thick AI 2 O 3 layer using a trimethyl aluminum precursor 
and water vapor to oxidize the precursor. We note that the 
AI 2 O 3 layer completely covers the Co electrodes (from 
top and from the sides) and the Si 02 surface while for the 
previous process the MgO layer is only deposited on top of 
the Co layer. In a second step, we use exfoliated hBN on a 
polymer membrane to pick-up graphene which we previ¬ 
ously exfoliated onto a plain Si/Si 02 chip for both devices. 
Subsequently, the graphene/hBN stack is deposited onto 
both types of predefined electrodes as illustrated in Eig. [T^. 
Thereafter, the polymer membrane is dissolved in acetone. 
An optical micrograph of a finished device is shown in 
Eig. All subsequent spin and charge transport measure¬ 
ments were performed at room temperature under vacuum 
condition. 
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Figure 2 (Color online) (a) Differential VH x A curves of 
spin injection and detection contacts before (dashed lines) 
and after oxidation (solid lines), (b) Corresponding back 
gate dependent spin lifetimes as extracted from non-local 
Hanle measurements, (c) Illustration of possible pinhole 
forming due to residues on the substrate and non-uniform 
growth of the MgO barrier and its possible circumvention 
by ALD growth. 
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3 Oxidation of MgO barrier in triiayer graphene 
spin transport device We first discuss the influence of 
oxygen treatment on both the contact resistance area prod¬ 
ucts {R^A) and the spin lifetimes (Tj) for Co electrodes 
covered with a 1 nm thick MgO layer as grown by MBE. 
For this experiment we picked-up a trilayer graphene flake 
which was confirmed by Raman spectroscopy (data not 
shown). 

At first, the contacts are characterized by measuring 
differential VH curves of the spin injection and detection 


electrodes. For comparison, these curves are normalized to 
their respective contact areas A. As all electrodes can be 
contacted from both sides of the graphene flake (see Fig. 

we use a four-terminal measurement of the contact 
resistances as described in Ref. mi where the measured 
voltage drops across the MgO barrier. In these measure¬ 
ments, we use a dc current which is modulated by a small 
ac current and detect the ac Altered voltage drop. A good 
tunneling contact would yield a non-linear I — V curve 
which results in a distinct cusp in the dWdJ characteristic. 
In contrast, the measured dWdJ x A curves of both con¬ 
tacts as a function of Idc remain completely flat indicat¬ 
ing transparent and not tunneling contacts (Fig. dashed 
lines). 

The value of 4.6 kO • pm^ for the injector and 1.3 kO • 
for the detector is slightly less than typical values in our 
previous study El. We note that devices which were 
fabricated by the bottom-up approach exhibit transparent 
contacts for R^A products less than 20kn • pm^. After 
storing the device under ambient condition for 60 days we 
observe a strong increase of the R^^A products by 180% 
for the detector and by 70% for the injector (Fig. solid 
lines). The respective dWd/ x A curves are still more or 
less flat demonstrating that the oxygen treatment cannot 
turn the contact properties from transparent to tunneling 
behavior in these devices. In gate dependent measurements 
of the graphene resistance we observe a strong reduction of 
the electron mobility from 8,300 cm^/(Vs) before oxida¬ 
tion to 2, 700 cm^/(Vs) after oxidation. This overall trend, 
i.e. a decrease of carrier mobility with increasing R^A val¬ 
ues by barrier oxidation, is in agreement to what has been 
measured for graphene on Si 02 with top electrodes. El 

To further explore the effect of oxidation on the spin 
transport properties we extract spin lifetimes Tg from non¬ 
local Hanle depolarization measurements of the spin re¬ 
sistance in perpendicular magnetic fields (see also Fig. 
[^). II^ItIOoI We record Hanle curves for both paral¬ 
lel and antiparallel alignments of neighboring Co injector 
and detector electrodes for different backgate voltages. For 
the as-fabricated device, the spin lifetime exceed 1 ns and 
shows almost no backgate dependence. This has previously 
also been observed in bottom-up fabricated bi- and trilayer 
graphene spin-valves El- After oxidation, the spin life¬ 
time has increased to 1.7 ns at = OV. Interestingly, 
the spin transport regains gate tunability with spin lifetimes 
reaching 2 ns for both electron (Vg > 0) and hole doping 
(Vg < 0). Similar to our previous study Qa, we attribute 
the strong increase in spin lifetime to the improvement of 
the barrier quality which is seen by the increase of the R^A 
products during oxygen treatment. This finding suggests 
that even for bottom-up devices with spin lifetimes in the 
range of 1 — 2 ns the spin transport parameters such as the 
spin lifetime is limited by the contact properties. 

Since oxidation of the contacts has a large impact on 
the measured spin lifetimes and a flat dV/dl characteristic 
of the contacts is observed even after oxidation, we con- 
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Figure 3 (Color online) Data set acquired from a bilayer samples with an ALD grown AI 2 O 3 tunnel barrier, (a) Differential 
contact resistance normalized by the contact area of the injector and detector contact, (b) Dirac curve measured in four 
terminal geometry of the spin transport region, (c) Hanle depolarization curve for parallel and antiparallel alignment of the 
injector and detector at = 70 V. Gate dependence of (d) the spin signal, (e) the spin lifetime and (f) the spin diffusion 
length. Additionally, in (e) the spin lifetime of a different region on the same device is plotted (green symbols) which 
showed overall longer spin lifetimes. 


elude that the spin injection and detection process is still 
governed by conducting pinholes. These pinholes can oc¬ 
cur either due to an island formation of the MgO during 
growth or residual particles on the substrate which lead to 
an uneven Co surface If the resulting corrugation is 
larger than the MgO layer thickness the side of the corru¬ 
gation may not be completely covered by the directional 
MBE growth of MgO which favors metallic contact to 
graphene, i.e. a pinhole. This case is illustrated in the left 
panel of Fig.|^. We therefore test our bottom-up approach 
with ALD growth of AI2O3 barriers. 

4 Fabrication of Ai 203 barriers by atomic iayer 
deposition in biiayer graphene spin transport device 

ALD grown AI2O3 barriers may suppress pinhole forma¬ 
tion to a large extend as the ALD process yields a complete 
coverage of the whole surface layer including the sidewalls 
of possible corrugations. Therefore, we expect more ho¬ 
mogeneous injection barriers (see Fig. right panel) and 
hence even longer spin lifetimes. For this purpose, we used 
a bilayer graphene (BLG) flake and a 0.88 nm thick AI2O3 
barrier. 

The contact resistances for the as-fabricated device 
were in the order of several Gfl which did not allow any 
spin or charge transport measurements. We therefore ap¬ 
plied a higher voltage to enforce current flow through the 
device by breaking down the oxide barriers. We attribute 


this initial high contact resistances to an additional oxida¬ 
tion of the Co layer which naturally forms after removing 
the sample from the MBE chamber, performing lift-off 
and transferring it into the ALD chamber. Together with 
the AI 2 O 3 layer, this cobalt oxide layer leads to an ef¬ 
fectively thicker tunnel barrier. After applying the voltage 
pulse train, the barriers broke down most likely by creating 
artificial conducting pinholes. This can be seen from the 
respective dWd/ characteristics in Fig. [^. As explained 
above, the almost flat curves again indicate transparent in¬ 
jection and detection barriers with comparable dWd/ x A 
values as for the device presented in the last section. 

First, we determine the backgate characteristic of the 
graphene resistance which is shown in Fig. [^. The shift 
of the charge neutrality point (CNP) towards negative 
gate voltages results from electron doping of the graphene. 
Since the graphene layer bends down to the AI2O3 covered 
substrate in between the respective injection and detection 
electrodes, the observed doping is likely to be substrate- 
induced as already seen in Ref. m- Either the doping 
is due to the AI2O3 itself or defects in the underlying 
Si 02 layer interact with the graphene over the very thin 
( 0.88 nm) AI 2 O 3 layer. 

The mobility p is calculated from the slope of the 
gate dependent conductance a — 1/p using da/dn = 
p, X e. We extract a room temperature electron mobility 
of 5,400 cm^/(Vs). This value is by a factor of approxi- 
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mately 4 lower than what has been achieved in similar de¬ 
vices with MgO barriers. However, a different region of the 
same device has a mobility of 24, 000 cm^/(Vs). So far it 
is not clear whether this variation in mobility is caused by 
fabrication-induced impurities or is somehow linked to the 
AI 2 O 3 barrier. 

In the following, we focus on the spin transport prop¬ 
erties. The measured non-local Hanle signal is shown in 
Fig. 1 ^ for parallel and antiparallel alignments of the re¬ 
spective injector and detector electrodes at Vg = 4-70 V. 
We subtracted a parabolic background signal which results 
from charge accumulations in the non-local voltage ED. 
The non-local spin signal 4\i?NL is given by the resistance 
difference at B — 0 T. Fig. depicts the backgate de¬ 
pendence of Z\i?NL- It shows a minimum at the CNP and 
increases for both electron and hole doping. For large posi¬ 
tive gate voltages (large electron densities), the spin signal 
becomes constant. According to Han et al. 16] this depen¬ 
dence indicates transparent or semi-transparent contacts 
which is in agreement with the dV/dl x A characteristic 
and the breakdown of the barriers. 

Despite the voltage treatments of the contact, we ob¬ 
serve spin lifetimes of 1.3 ns at large positive gate voltages 
(see blue data points in Fig.[^). Surprisingly, this value is 
even slightly larger than what has seen before for BLG fab¬ 
ricated using the bottom-up approach. In the region with an 
electron mobility of 24, 000 cm^/ (Vs) we even achieve a 
spin lifetime of more than 2 ns at large gate voltages (Fig. 

green symbols). The overall gate dependence is similar 
in both regions. The extracted spin diffusion length As is 
plotted in Fig. for the region with the lower mobility. 
Here values of 6.4 pm for high positive gate voltages are 
comparable to values achieved with MgO tunnel barriers. 

5 Conclusion Our results are summarized in Fig. 
where we show both data from the present study (red sym¬ 
bols) together with data previously obtained on both the 
bottom-up devices (green, black and blue filled symbols) 
and the top-down devices (green and black open symbols). 
Fig. shows the respective spin lifetimes as a function 
of electron mobility on a log-log scale. All devices of the 
present study show comparable spin lifetimes and mobili¬ 
ties in comparison to our previous bottom-up devices. The 
fact that the ALD devices exhibit similar transport char¬ 
acteristics after breaking-down its tunnel barriers indicates 
that the spin properties are currently mainly governed by 
the conducting pinholes within the barriers and not by the 
electronic properties of the bare oxide material. 

In Fig. 1^ we plot the spin lifetimes versus the RcA 
value on a log-log plot. In comparison to devices which 
were fabricated by the top-down approach, all bottom-up 
devices exhibit overall larger R(,A values and, at the same 
time spin lifetimes above 1 ns. For the latter devices there is 
no clear dependence of Tg on the RcA values. Nevertheless, 
the increase of both Tg and RcA in the same device after 
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Figure 4 (Color online) (a) Room temperature spin life¬ 
time versus electron mobility for non-local spin valve de¬ 
vices. The hlled red symbols represent the data discussed 
in this work whereas the green, black and blue filled sym¬ 
bols are previous devices measured for the same bottom- 
up fabrication technique (taken from Ref. lIZTll '). The open 
symbols represent data obtained for graphene on Si 02 
(taken from Refs. 0 and In]). The solid lines illustrate 
the 1 dependence for SLG and BLG observed previously 
on devices which were fabricated on Si 02 by the conven¬ 
tional top-down approach, (b) Spin lifetime versus contact- 
resistance-area products of respective injection and detec¬ 
tion electrodes at room temperature. For comparison, we 
included all previous results from Ref. In] on SLG and 
BLG devices that were fabricated by the conventional top- 
down method. The solid line is a guide to the eye. 


oxidation clearly indicates that even in these devices the 
contacts have significant influence on the spin lifetime. 
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Finally, we want to stress that the ALD devices with 
AI 2 O 3 barriers exhibit very similar device performances 
as all other bottom-up devices with MBE-grown MgO bar¬ 
riers after the breakdown of their barrier by voltage pulses. 
With the goal to fabricate homogeneous tunneling barriers 
the ALD process is thus advantageous over MBE growth 
under the premise that the native oxide (CoO in our case) 
of the underlying metal layer is removed prior to AI 2 O 3 
deposition. 
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